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Figure 15. Upper panel: σ Orionis mass spectrum from 19 through 0.004 M⊙
using the Siess et al. (2000) models (gray area) and the Lyon models (open
histogram; Baraffe et al. 1998, 2003; Chabrier et al. 2000). The best power-law
fits to the mass domains M > 0.35 M⊙ and M < 0.35 M⊙ (using the Lyon
models) are shown with continuous lines. For comparison purposes, the mass
spectrum derived by Kroupa (2001) is overlaid normalized to the total number
of objects. Lower panel: the σ Orionis mass function using the Siess et al. (2000)
models (gray area) and the Lyon models (open histogram). The best lognormal
fit to our data is depicted with a dashed line, the double power-law fit from our
mass spectrum is illustrated with a continuous line, and the Chabrier (2005)
mass function normalized to the total number of sources is plotted as a dotted
line. In both panels, from left to right, vertical lines are the same as in Figure 12.
Vertical error bars stand for the Poisson uncertainties.

computations may account for the discrepancies. For the age
of 3 Myr, the mass derivations obtained from the NextGen and
Siess et al. (2000) models do not differ by more than 20%. The
masses of the most luminous σ Ori stars (σ Ori Aa, Ab, B, D,
and E) were taken from Simón-Dı́az et al. (2011). These authors
reported the detection of a third massive star component in the σ
Orionis AB system, traditionally considered to be a binary sys-
tem. Simón-Dı́az et al. (2011) employed a distance of 385 pc to
the cluster. We checked that by adopting the distance of 352 pc
the most massive bin is not changed in our study.

The combined σ Orionis stellar and substellar mass spectrum
is depicted in Figure 15. We plotted the derivations using the

NextGen and Siess et al. (2000) models. To give a similar
statistical weight to each mass bin, we considered mass intervals
with similar amounts of σ Orionis member candidates (20–30),
thus the mass bin size is not constant along the mass spectrum.
Only the incomplete bin in the planetary-mass regime and the
complete most massive bin contain less number of objects. We
remark the good match between the Mayrit and the VISTA
catalogs since there is no obvious discontinuity at the mass both
samples were merged (0.25 M⊙).

The σ Orionis mass spectrum is a rising function, i.e., the
number of σ Orionis members increases toward low masses
from ∼19 to 0.006 M⊙. It can be fit by two power-law
equations of different exponents. In Table 12 we summarize
the α parameters found for the mass intervals 19–0.35 M⊙
and 0.35–0.006 M⊙. To take into account the differences that
may arise from the two employed theoretical mass–luminosity
relations, we also provide fits for the following cases: case I
where the Lyon- and Siess et al. (2000)-based masses cover the
intervals 0.006–1 M⊙ and 1–19 M⊙, respectively, and case II
where the Siess et al. (2000)-based masses cover 0.3–19 M⊙ and
the smaller masses are derived using the Lyon isochrone. The
fits shown in Figure 15 correspond only to case I (for the clarity
of the figure). Despite the differences in the models (e.g., from
Figure 15 it can be seen that some mass bins differ by more than
the Poisson uncertainty), the derived α values are consistent
with each other at the 1σ level. The α exponent obtained for
the mass range 19–0.35 M⊙ (α ∼ 1.7) appears to be slightly
smaller than the Salpeter value of 2.35 (Salpeter 1955).

Figure 15 also illustrates the comparison of the σ Orionis
mass spectrum with the multiple segment power-law function
proposed by Kroupa (2001). This author defined an average or
Galactic-field mass spectrum with changes in the power-law
index at two masses: ∼0.5 M⊙ and ∼0.08 M⊙. The Kroupa
functional form normalized to the total number of σ Orionis
objects is shown in Figure 15. According to this function, the
number of substellar objects relative to the population of stars
appears to be larger than what is observed from our σ Orionis
mass spectrum. However, we remark that the σ Orionis mass
spectrum and Kroupa (2001) function are consistent within the
uncertainties quoted for both. We found that a two segment
power-law function (α = 1.7 ± 0.2 for M > 0.35 M⊙ and
α = 0.6 ± 0.2 for M < 0.35 M⊙) provides a better fit to the
cluster data.

To compare the σ Orionis mass spectrum with known mass
functions in other star-forming regions and the field, we built the
cluster mass function as originally defined by Salpeter (1955),
i.e., ξ (log M) = ∆N/∆ log M . It is displayed in Figure 15. We
performed a lognormal fit to the data by finding the characteristic
mass (Mc, the mass at which the mass function reaches its
maximum) and the variance (σ ) of the distribution:

ξ (log M) ∼ exp

(

− (log M − log Mc)2

2σ 2

)

.

The derived parameters for cases I and II are listed in Table 12.
The characteristic mass was found at 0.27 M⊙ for both
cases, the variance of the functions ranged from 0.6 to 0.7. This
is in agreement with other works on open clusters, e.g., Pleiades
(Moraux et al. 2003), ρ Ophiuchi, IC 348, and the Trapezium
(Luhman et al. 2000), Chamaeleon I (Luhman 2007), and the
Galactic field (Chabrier 2005).

In Figure 15, we also compared the σ Orionis mass function
with the functional form of Chabrier (2005), the latter being nor-
malized to the total number of σ Orionis sources. The Chabrier
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In 2414, the USS  rosenante found  
the rogue planet Solyon	



MOA (since 1995) 
（Microlensing Observation in Astrophysics） 
（ New Zealand/Mt. John Observatory, Latitude： 44°S, Alt:    1029m ） 

Mirror : 1.8m 
CCD   : 80M pix.       
FOV   : 2.2 deg.2 

cadence: 10-50 min.  



Observational fields 
 
• 50 deg.2 

• （２００x full moon） 

• ５0 M stars 
 
 
 
　　1obs/１hr  
 　　1obs/１０min. 
  

 
è~600events／yr 

http://www.massey.ac.nz/~iabond/alert/alert.html	

Galactic Center disk 



Free-Floating Planet,  
events with timescale tE<２days 

tE=1.2days 
  ~Jupiter mass	

1day  	

€ 

tE =
RE (M,D)

vt
~ M /MJ day

M：lens mass 
MJ: Jupiter mass 
D：distance 
vt: velocity	~２０days for stars	

WFIRST can detect Earth-mass FFP	

Mass,  
Distance,  
Velocity  
degenerate. 
 
So need  
statistical  
analysis	

Found	  	  
10	  short	  events	  
in	  2	  years	  of	  data.	  



Timescale tE distribution 

TS et al. 2011, Nature, 473, 7347, 349-352	

474events	

Planetary-mass 
objects	

Known objects	

Black hole	

Neutron star	

White dwarf	

Main sequence	

Brown dwarf	

€ 

Nplanet =1.8−0.8
+1.7Nstar

Mplanet =1.1−0.6
+1.2MJ

abundance　:~1.8 as common as stars 
Mass           ： 〜Jupiter mass	

474	  events	  selected	  	  
from	  1000	  candidates	  in	  2	  yrs	  

MOA	  
OGLE	  



Background: CV or moving objects 

a CV gives a poor microlensing 
fit, often with low magnification 
and an unphysically bright 
source  

Moving	  object	  
flares	  

Moving object gives symmetric 
but unphysical microlensing fit, 
often with low magnification and 
an unphysically bright source  



Background: Short Binary/planetary Events 

Wide planet Brown dwarf  

We	  can	  find	  or	  rule	  out	  	  
the	  host	  within	  10AU	  



Unbound or distant planets? 
l Microlensing data only sets a lower limit on the separation: no host 

stars within 10AU 
l HST follow-up can set tighter limits or detect host 

l ８m telescope, Direct imaging limits  （Lafreniere et al. 2007)　 
l < 40% of stars have 1 Jupiter-mass planet at 10 AU < a < 500 AU 

 

l We find 1.8 planets per star,  
è so at least 1.4 planets per star (75%) should be free! 

 



1.  formed on their own through gas cloud collapse similar to  
       star formation (sub brown dwarf)  

•  Hard to form Jupiter-mass objects 
•  Planetary-mass sub brown dwarf can explain 
           only 1 or 2 short events.  
•  Abrupt change in mass function at  
          Jupiter-mass do not support this scenario. 

 
2. formed around a host star, and scattered out from orbit 

Hot Jupiters orbiting hot stars have high obliquities （Winn et al. 2010, Triaud et al. 2010） 

　　　　è evidence of gravitational interaction 
Hot Jupiters are alone (Latham et al. 2011) 

        è evidence of gravitational interaction 
No desert for short-period super-earths (Howard et al. 2010)  

　　　　　planet-disk interactions are of secondary  
              importance to planet-planet scattering 

	

Formation Scenarios: 

• Single-planet 
• Multi-planet	



Short events with  
Strong finite source effects 

tE=0.9days 
	

MOA-2011-BLG-274	 MOA-2012-BLG-403	

keep detecting 
 ~5 short  
events/yr	

MOA-2011-BLG-274 5

Table 2. Best fitting parameters without parallax. Linear limb darkening coe�cients for a source star temperature of 5500K
or 5900K were taken to be 0.02 larger or smaller than those in Table 1 for 5700K.

Source limb darkening umin ⇢ t0 (HJD) tE (d) ✓E (mas) µ (mas y�1) �2

Present work linear (5700K) 0.00228 0.0105 2545742.00547 3.26 0.083 9.29 1349.5
Present work linear (5500K) 0.00224 0.0104 2545742.00547 3.30 0.084 9.29 1350.0
Present work linear (5900K) 0.00232 0.0105 2545742.00546 3.25 0.083 9.32 1350.3
Present work square root (5700K) 0.00228 0.0105 2545742.00547 3.26 0.083 9.29 1350.6

Choi et al. (2012) linear 0.0029 0.0129 2545742.005 2.65 0.08 11.18 -
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Figure 5. Best fit light curves for the individual telescopes as-
suming a finite, linearly limb-darkened source at 5700K but ex-
cluding parallax.

The angular Einstein radius is given by the rela-
tionship ✓

E

= ✓

s

/⇢ and is included in Table 2. As found
by Choi et al. it is considerably smaller than in typical
microlensing events. This is independently corroborated
by the measured value of the Einstein radius crossing
time t

E

= 3.26d which is also anomalously small. Typ-
ically ✓

E

⇠ 0.5mas and t

E

⇠ 20d.
Both of the above measurements suggest a small

value for the mass of MOA-2011-BLG-274L, as the Ein-
stein radius is proportional to the square root of the
mass of the lens. But a small mass is not assured, as
the above measurements do not fix the distance to the
lens, D

l

, and the lens-mass depends on this as well. A
brown dwarf lens located in the bulge could produce
similar results.

5 PARALLAX I

The observed magnification in any microlensing event at
any time depends on the angular separation between the
lens and the source. At small separations and high mag-
nifications we have A ⇡ 1/u. The magnification there-
fore varies slightly from point to point on the Earth’s
surface at any given time. Also, the time of peak mag-
nification varies from point to point (Hardy & Walker
1995, Gould et al. 2009). These e↵ects are known as
terrestrial parallax, and they depend on the distance
to the lens. The closer the lens, the larger the e↵ects.
Both e↵ects are undetectable unless the magnification

varies unusually rapidly with time. Inspection of Fig. 1
reveals rapid variation of the light curve of MOA-2011-
BLG-274, and also good coverage of the light curve from
di↵erent locations. An attempt was therefore made to
see if the terrestrial parallax e↵ect could be measured,
and hence the distance to the lens of the event deduced.

The related e↵ect of orbital parallax, in which the
Earth’s non-rectilinear motion about the Sun is taken
into account, can also be used to determine the dis-
tance to the lens in microlensing events (Refsdal 1966,
Gould 1992, Alcock et al. 1995). Orbital parallax is nor-
mally detectable in events with relatively long Einstein
times, but t

E

was anomalously short in MOA-2011-
BLG-274. We may therefore anticipate that, if parallax
is detectable in MOA-2011-BLG-274, it will have been
caused predominantly by terrestrial parallax.

The e↵ects of parallax (both terrestrial and orbital)
may be quantified by the two-dimensional vector ⇡E

with east and north components ⇡E,E

and ⇡E,N

respec-
tively (Gould 2004). The magnitude of the parallax vec-
tor |⇡E| = AU/r̃

E

where r̃
E

is the radius of the Einstein
ring projected back to the observer’s plane, and its di-
rection is the direction of motion of the lens projected
onto the observer’s plane.

Best fits to the data for MOA-2011-BLG-274 were
initially found over a coarse grid of values of the par-
allax plane with step sizes of 1 in both the easterly
and northerly directions. Two minima were found for
(⇡E,E

,⇡E,N

) at approximately (-3,+13) and (-2,+8) for
positive and negative values of u

min

respectively. The
results for linear limb darkening and a source star tem-
perature of 5700K are shown in Fig 6. Fine grids were
plotted over smaller regions of the parallax plane with
step sizes of 0.1 for ⇡E,E

and ⇡E,N

for the best fitting
model. These yielded the results in Table 3. The best
fit light curves with parallax included are shown in Fig.
7.

The values of parallax for all models in Table 3 are
an order of magnitude larger than is normally found.
This suggests an unusually small value for the Ein-
stein radius projected back to the observer plane r̃

E

.
MOA-2011-BLG-274 thus exhibited unusual behaviour
on three independent counts, an unusually small Ein-
stein ring, an unusually short Einstein radius crossing
time, and an unusually large value of parallax. However,
the uncertainty in the parallax measurement is high, so
its measurement is not assured. The larger uncertainty
of ⇡E,N

compared to that ⇡E,E

reflects the longer base-
line between the telescopes in the east-west direction
compared to the north-south direction. Uncertainties

c� 2012 RAS, MNRAS 000, 1–12

θE=0.08, M~0.8MJ 
if the marginal parallax is real. 
Freeman+	  	  in	  prepara(on	  

tE=3.3days 
	

Mass can be given if  
Parallax is measured by K2 



Next generation 24h survey network 
Namibia IR telescope (plan) 
D：  　1.8m 
FOV: 1deg2 w/ 4 H4RGs  
	

Namibia（H.E.S.S. site）　 
Altitude 1800m 
April-October clear night：８６％	

Increase the planet detection to >20planet/yr without follow-up	
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KMTNet (Korea Microlensing Telescope Network) 
Three 1.6m telescopes	

WISE	



Free-floating planet search 
by WFIRST-AFTA 

D: 2.4m 
FOV：0.281deg.2 

λ＜２µm 
15min cadence 
	

 

 

Wide-Field InfraRed Survey Telescope-
Astrophysics Focused Telescope Assets  

WFIRST-AFTA 
Final Report 

by the 
Science Definition Team (SDT) and WFIRST Project  

April 30, 2013  

l ~3000 bound planets(~300 w/ M < 1 M⊕)     
l  ~100s F-F planets (~40 w/ M < 1 M⊕)	


	  

M. Penny,  
Spergel et al.2013  
WFIRST-AFTA SDT 
 Final Report 	

a	  simulated	  	  
detec:on	  of	  	  
Mars-‐mass	  	  
FFP	  	  

 

WFIRST	  
can	  detect	  
or	  rule	  out	  
the	  host	  



Limits	  on	  Primordial	  Black	  Hole	  	  
Dark	  Maaer	  by	  Kepler	  

	  	  
Griest	  &	  Cieplak	  2013	  	  
	  flares	   Flares/microlensng	   comets	  

Null	  detec(on	  set	  upper	  limit	  of	  
DM	  frac(on	  of	  low	  mass	  object	  
with	  2	  ×	  10−9M⊙	  and	  3	  ×	  10−8M⊙	  	  
	  

Femtolensing	  	   MACHO+EROS	  	  

Kepler	  
observed	  

Kepler	  expected	  

ρDMhalo=	  0.0079M⊙pc−3	  	  
	  



Summary	
•  Free-floating planets are as common as main sequence 

stars and bound planets。 
 
•  They inform us not only the number of planets that survived 

in orbit, but also planets that formed earlier and scattered. 
　　　　important for planetary formation theory 
 
•  HST follow-up is important to detect or rule out the host. 

•  WFIRST will detect hundreds of FFP and ~40 Earth-mass 
FFP and measure the mass spectrum. 


